Abstract-In this paper, a technique for spatially resolved chromatic dispersion measurement of installed optical fiber links is presented. The method is based on the analysis of bidirectional optical time-division reflectometer (OTDR) traces at different wavelengths obtained by a specifically designed tunable external source. Measurement accuracy is improved through a particular algorithm that corrects the OTDR nonlinearity error. Experimental data on spatially resolved chromatic dispersion of installed dispersion-shifted and nonzero-dispersion fibers are reported.
I. INTRODUCTION

S
PATIALLY resolved chromatic dispersion measurements are becoming more and more important in modern dense wavelength-division-multiplexing (DWDM) systems. Nonlinear effects, such as four-wave mixing and cross-phase modulation may seriously affect transmission in fibers with small chromatic dispersion (CD) (like dispersion-shifted (DS) fibers). On the other hand, residual dispersion should not be too large in order to reduce the number of dispersion compensation devices with high-capacity systems (i.e., bit rate 10 Gb/s per channel).
Upgrading the capacity of installed DS fibers (90% of the Italian long distance network) with DWDM systems, can be difficult due to the low CD values of this fiber. Then, a spatially resolved CD measurement can be useful to identify the links where a fruitful upgrading is possible. In this case, a highly nonuniform CD distribution is advisable to reduce the impact of nonlinear effects.
On the contrary, for nonzero-dispersion (NZD) fiber links, a highly uniform CD distribution is desirable, especially in the low region of the transmission C-band (1530-1565 nm), and at the beginning of the link.
One of the purposes of this work is to verify the applicability of the developed method to installed optical fibers. In the first section, we outline the basic theory of the bidirectional optical time-division reflectometer (OTDR) method for the measure- Publisher Item Identifier S 1077-260X(01)08944-4.
ment of the CD spatial distribution, and we present an improved technique for a precise mode field diameter (MFD) evaluation. Second, the experimental setup of the tunable OTDR is described in detail [1] . Moreover, the correction of OTDR nonlinearity is fully described, as well as the evaluation of measurement uncertainty [2] .
Finally, we present several experimental results concerning laboratory tests performed on DS fiber spools and measurements on installed NZD and DS fibers. With this technique, we have obtained a very good agreement with CD measurements performed with the standard phase shift technique.
II. THEORY
The theoretical background of the method is quite well known in literature [3] . Usually, the spatially resolved measurement of chromatic dispersion is performed by the following steps: -bidirectional OTDR measurement of backscattered power; -evaluation of the spatially resolved MFD; -calculation of the waveguide, material and profile dispersion contributions. In the following sections, critical issues and the improvements we have introduced in the calculation will be highlighted.
A. MFD Evaluation
The OTDR is intended to measure the optical power, at a given wavelength , which is backscattered from a generic section of the optical fiber [4] (1) where and power and the width of the input pulse, at a wavelength ; Rayleigh scattering coefficient [km ]; backscattering capture fraction; total loss coefficient. The trace produced by the instrument is . Worth to note, the logarithmic conversion of the OTDR is instead of the usual . The difference between two points on the trace is, thus, given in decibels as a one-way loss expressed by [5] .
The second step is the evaluation from (1) of the spatial distribution of the recapture factor along a fiber of length . If and are the backscattering traces read, respectively, from the origin, and from the end of the fiber, we can calculate the sum as (2) where is independent from , and is given by (3) and the wavelength dependence has been neglected. As reported in [3] , the sum can be expressed in terms of MFD at wavelength and abscissa , by the following relation: (4) where is the refractive index of the core and is a constant. The distribution of the signal , with respect to a reference taken at point is (5) The first term in the right-hand side of (5) depends on the spatial distribution of the Rayleigh scattering coefficient and of the refractive index. If the optical link under test is expected to contain rather uniform fibers, i.e., there is not a large difference in the material characteristics, such a term can be neglected. In this case, the spatial distribution of MFD can be written as (6) The value of MFD at the reference point , on the whole set of wavelengths of interest, should be known in advance. Therefore, when the measurement is performed, a reference fiber has to be connected in front of the link under test. The reference fiber shall be fully characterized, in terms of MFD, by one of the standard methods [6] , e.g., the variable-aperture far-field (VAFF) technique. Moreover, the reference fiber should be of the same type of the fiber under test.
B. Enhanced Technique for MFD Evaluation
In many practical cases, chromatic dispersion measurements have to be performed on cascaded fibers with different characteristics, even if every fiber in the link belongs to the same DS or NZD family. In this case, (6) does not guarantee an accurate reading of MFD distribution. In [3] , an estimation is provided for the first term at the right-hand side of (5), to be used as a correction factor. For such a calculation, however, we shall know the spatial evolution of the relative index difference along the entire fiber, and unfortunately, this data is seldom available for installed fibers. To circumvent this difficulty, a procedure similar to that introduced in [7] , but with an easier implementation is used. Like in [7] , two fitting coefficients and are introduced so that (7) Suppose to set a second reference point at . Two substitutions can be made in (7), for the first reference point and for the second one. The resulting values for the coefficients and are (8) From (7) and (8) , the MFD becomes
Thus, we need to know the MFD at the two reference points . From the experimental point of view, instead of a single reference fiber, two reference fibers have to be connected in front of the link. The method is most effective when these fibers have different material characteristics. Fig. 1 shows the comparison between the MFD distributions calculated by the conventional method in (6) , and by the new double-reference technique in (9) . Measurements have been performed on a fusion spliced DS fiber link, whose MFD have been measured by a VAFF technique; the first two fibers act as reference fibers. The proposed new technique shows a better matching to the average MFD values.
The double-reference method is valuable especially for the measurement of optical links in which a high MFD nonuniformity is expected. For recent NZD links, supposed to have a narrow MFD distribution, the conventional technique could be used as well, with comparable accuracy.
C. Chromatic Dispersion Evaluation
The chromatic dispersion map can be obtained by the MFD distribution at a certain number of wavelengths. The well known expression for chromatic dispersion at wavelength and abscissa is [8] , [9] In the above expressions, is the waveguide dispersion, is the material dispersion, and is the profile dispersion. The terms and are, respectively, the refractive index and the electric field profiles at wavelength , radial coordinate , and longitudinal coordinate .
is the refractive index in the core.
About the waveguide dispersion in (10.a), both the MFD distribution and its derivative respect to are necessary. If the spatial evolution of MFD has been measured on the set of wavelengths , at each section of the fiber, a least-square interpolation by a Marcuse-like polynomial, i.e. (11) can be performed. Equation (11) has been used to approximate the distribution of the derivative at the wavelengths of interest. Fig. 2 shows an example of the interpolation in (11) , notice that the value of MFD of its derivative over and consequently of waveguide dispersion can be calculated at a wavelength of choice, even outside the set . The accuracy of the interpolation obviously improves as the number of MFD measurements increases. Therefore, we need a number of backscattering measurements in the typical spectral window of DWDM systems (the C-band), if we want a good estimation of , and thus, of the total chromatic dispersion. Because this cannot be done by a conventional OTDR, we have developed a tunable source that is described in the next section.
To calculate the material and profile dispersion terms in (10.b) and (c), we need the radial profile of the refractive index and the radial profile of the electric field along the link, together with the second derivative of these quantities respect to .
The only data available is the refractive index profile in the reference fiber . The index profile can be assumed constant and equal to , along the test link provided that the reference fiber has been chosen similar to the fiber under test. The variation of the refractive index with respect to wavelength is described by the well-known Sellmeier equation [10] .
The field profile can be computed by an accurate algorithm, solving Helmholtz equation [8] for each section of the fiber. The solution method makes use of a Gauss-Laguerre approximation, similar to that followed by [11] . Using this algorithm, we are able to estimate the distributions of material and profile dispersion terms at the wavelengths of interest. On the other hand, the spatial fluctuation of and are considerably smaller than the variations of the waveguide dispersion . For this reason, and for a faster computing time, we assumed material and profile dispersion along the link to be constant and equal, at each wavelength, to those calculated on the reference fiber.
III. SETUP OF THE TUNABLE OTDR
The MFD map of the link under test can be derived from the bidirectional OTDR traces at different wavelengths. The number of lasers contained in the OTDR limits the set of wavelengths at which MFD traces can be obtained. One of the commercial OTDR we used for the experiment has four internal sources at the wavelengths 1312, 1408, 1545, and 1628 nm. The laser at 1408 nm suffers high attenuation due to the water absorption peak, hence, this wavelength is not useful for our purpose. The other three sources (1312, 1545, and 1628 nm) are not enough for an accurate estimation of MFD derivative over wavelength, necessary for CD computing [see (10.a)]. Moreover, if we are concerned about accurate CD mapping in the standard C-band, we need more MFD traces in that spectral window.
To cope with this necessity, we have developed a versatile tunable source, which can be interfaced to a commercial OTDR, in order to measure the backscattering signal at a wavelength of choice in the mentioned spectral band. Fig. 3 shows the block scheme of the setup. The commercial OTDR gives rise to a pulse, centered to the wavelength , that is detected by a photodiode through an optical circulator. In this way, an electrical pulse having the same shape of the starting optical pulse drives an acoustooptical modulator (AOM). A continuous-wave (CW) tunable laser at the input of the AOM allows to produce optical pulses tuned at . These pulses travel through a second optical circulator and a programmable attenuator that controls the power of the output pulses. The two circulators are able to collect backscattering radiation and redirect it to the OTDR.
A short launch fiber (about 1 km) is placed between the attenuator and the link under test in order to cover the OTDR dead zone. The tunable laser consists of a fiber ring laser, with an erbium-doped fiber amplifier (EDFA) as active element and a voltage-tunable Fabry-Pérot (FP) filter for wavelength selection. Laser tunability is feasible across the entire amplifier bandwidth (1530-1565 nm). To avoid multiple resonance, the FP free spectral range has been appropriately chosen.
A problem to be dealt with in backscattering measurements is fading noise [12] , [13] . It is a speckle-like effect, due to random interference between different backscattering elements within the coherence length of the probing radiation. Although very troubling for coherent OTDR operation, this phenomenon is negligible in conventional OTDR, because of the short coherence length of the multimode lasers used in commercial instruments. On the contrary, the fiber ring laser, shows a rather narrow bandwidth (0.1 nm) that originates fading noise. To overcome this undesired effect, a dithering of 250 GHz has been applied to the laser, as suggested in [12] .
IV. SIGNAL PROCESSING
In this section, we illustrate a technique to improve measurement accuracy by data elaboration. First of all, attention is focused on OTDR nonlinearity error and the way to compensate it. Then a brief outline of the connectors location method is presented, and finally, the total measurement uncertainty is estimated.
A. OTDR Nonlinearity Correction
OTDR acquisitions, which are necessary to retrieve the MFD evolution, suffer from nonlinearity error. Up-to-date nonlinearity specifications, which report a worst case of 0.03-dB error per decibel of measured loss, are not satisfactory for our purpose.
In order to correct this error, one could make a full characterization of the OTDR power response before starting the measurement [14] . However, this approach is time consuming; it does not take into account eventual drifts of the instrument power response and it is specific for each OTDR. Therefore, we preferred an automatic correction algorithm [15] , which compensates the nonlinearity error during the measurement, irrespective of the selected OTDR.
A programmable attenuator is used for the automatic nonlinearity correction algorithm, as shown in Fig. 3 . Initially, the attenuator is set to dB, and the backscattering trace is acquired ( stands for the sampling index). Next, after having set , another trace is recorded. A commonly used value for the attenuation is 1 dB. The relative attenuation error along the fiber trace can be evaluated defining a distortion parameter (12) The mean trace between and is given by (13) The nonlinearity correction algorithm used to compute the trace is described by the following recursive expression:
In other words, the first sample of the corrected trace matches the first sample of the mean trace; the next ones are obtained in a way that the attenuation between two samples, the th and the th, is equal to that between the corresponding samples of the mean trace, corrected by the average distortion term . The value has to be very accurate, because an error on is treated by the algorithm as a uniform distortion, producing a slope error on the corresponding MFD trace. To remove this slope error, a fiber equal to the first reference fiber is connected at the end of the link and a suitable algorithm aligns at every wavelength, the MFD of these two reference fibers. To test the method, we measured the spatial MFD profile on DS fiber spools, similar to those of Fig. 1 , with two different OTDRs. Fig. 4(a) reports the comparison between the MFD traces taken by the two OTDRs without correction, while Fig. 4(b) shows the same traces after the nonlinearity correction. The excellent agreement of the MFD traces after correction is evident, though the nonlinearity error is different for the two OTDRs.
Also in the measurement of chromatic dispersion spatial distribution, the nonlinearity correction provides an improvement, as shown in Fig. 5 . Here, the CD traces at 1545 nm with (thin line) and without (thick line) nonlinearity correction are reported. The traces are obtained by interpolation in (11) of the measurements performed with the internal sources of the OTDR at 1312, 1545, and 1628 nm. A measurement of the average CD (dotted line) has also been performed on each fiber by the phase-shift technique [4] . It can be seen that the CD distribution matches the average values taken by phase shift only when nonlinearity correction is applied.
B. Connectors Location
The bidirectional OTDR method can also be successfully applied on installed fibers, if attention is paid to fiber connectors, which are normally encountered down the link.
Connectors, reflecting a fraction of the pulse power, disturb backscattering acquisition and generates sharp peaks on the OTDR trace. These peaks have to be located and removed for the CD calculation algorithms to work properly. Let and be the indexes corresponding to rising and falling edges of a reflection peak. Then, we have to add to (14) the following condition: (15) Thus, near a reflection peak we can jump to the end of it.
In order to locate the connector peaks along the OTDR trace, we can use the approximate derivative of the fiber trace , over a step (16) A reflection peak is found when the derivative crosses a given threshold. The identification of the optimum threshold value shall take into account the signal-to-noise ratio. A low value of the threshold would allow to identify the small peaks at the beginning of the trace, but would give an erroneous detection, due to noise in the final part of the trace. The adopted solution is an exponential threshold , increasing as the signal-to-noise ratio decreases (17) where threshold at the beginning of the trace; and constants; th point on the longitudinal axis. Fig. 6(a) shows an example of OTDR trace in presence of connectors, and Fig. 6(b) shows its approximate derivative, as well as the exponential threshold. All the peaks are successfully detected, despite the noise at the end of the trace.
Once the reflection peaks have been located, it is straightforward to compute their rising and falling edges and , and proceed in the calculation as before.
V. MEASUREMENT UNCERTAINTY
Uncertainty in the measured values of chromatic dispersion comes from the finite power resolution of the OTDR. Actually, noise propagates from the backscattering traces, through MFD calculation to CD results.
Given a power accuracy , defined as the standard deviation of the backscattering measurement in a generic section of the link, we can write the standard deviation of the sum as Assuming that uncertainty of backscattered power at the beginning and at the end of the link are approximately equal to the average value we can write The next step is to calculate MFD uncertainty. We treat the following two cases: 1) the conventional technique (see Section II-A), and 2) the enhanced method (see Section II-B).
In case 1, the MFD uncertainty is obtained by differentiating (6): (18) A typical value for the power resolution of commercial instruments is dB from which the MFD relative uncertainty is approximately 0.16%. In case 2, the MFD uncertainty is obtained by differentiating (9) (19)
The relation between power resolution and relative MFD uncertainty depends on the wavelength. For example, at nm, we have found the approximation . The enhanced method does not worsen the MFD uncertainty, rather a slight improvement is obtained.
About chromatic dispersion, the most critical quantity in terms of measurement uncertainty is waveguide dispersion, given by (10.a) and dependent on both MFD and MFD derivative . A simple empirical expression has been found relating the relative uncertainty of waveguide dispersion to that of MFD and of its derivative . The resulting expression is (20) Let us now compute the derivative uncertainty obtained by the least-square approximation in (11) . For a generic section of the fiber, the MFD is measured for a set of wavelengths , resulting in a set of MFD values . The coefficients of the polynomial are given by the expression [16] . . . where is a Vandermonde matrix defined by the set of wavelengths and by the polynomial used. Consequently, the vector of MFD derivatives at the same wavelengths is calculated as
where is the derivative of the matrix .
Using (21) and (22), we obtain a linear relationship between and where Now, we may represent the noise on MFD data by a vector , where the element is the noise superimposed on the value . Assuming incorrelation between the MFD noise at different wavelengths (i.e., for ), we can write the vector of the MFD-derivative variances as where (23) where is the vector of the MFD variances and are the elements of . Matrix , expressed in terms of and , depends upon the set of wavelengths chosen for the measurement. Fig. 7 shows the MFD uncertainty calculated by (19), plotted against the power resolution of the OTDR, and the relative uncertainty of waveguide dispersion calculated by averaging the elements of the vectors , and substituting the results in (20). The error calculation is repeated for two sets of wavelengths nm , and nm to represent the cases of OTDR sources and of an external tunable source, respectively. The external source allows a better interpolation of MFD with wavelength, thus, reducing the dispersion uncertainty.
VI. EXPERIMENTAL RESULTS
In this section, MFD and chromatic dispersion measurements on different fiber links are reported. Measurements have been performed with a pulsewidth of 1 s, which corresponds to a theoretical spatial resolution of 100 m. The developed measurement setup and elaboration technique have been tested on laboratory and field fiber-optic links.
A. Measurement on a Fusion-Spliced Laboratory Link
At first, we measured a 50-km link made of several DS fibers fused together [17] . Before this measurement, we characterized the average CD of each fiber at the wavelengths of interest, by means of the phase-shift technique.
Results are shown in Fig. 8 , where the spatial profiles of MFD and CD are reported. The MFD measurements have been taken with the full set of wavelengths 1312, 1530, 1545, 1560, and 1628 nm, as shown in Fig. 8(a) . The enhanced method for MFD evaluation and the nonlinearity correction have been applied. The first two fibers of the link act as references for MFD measurement and the last one is chosen equal to the first reference fiber for slope error correction. Then, the spatial chromatic dispersion has been evaluated at 1530, 1545, and 1560 nm. Fig. 8(b) shows the good agreement of the results with those obtained by the phase-shift technique.
B. Measurement on a Laboratory Link With Fiber Connectors
A second test has been performed on a laboratory link containing fiber connectors. To optimize the dynamic range of the measurement, we used a short reference fiber 2.5 km long. For the same reason, i.e., to avoid inserting a second reference fiber, we preferred to follow the conventional method for MFD eval- uation. The total length of the link under test is about 70 km, which is up-to-date, the longest range of our measurements. The results are reported in Fig. 9 , in terms of MFD [see Fig. 9 (a)] and CD [see Fig. 9(b) ]. The comparison between CD measurements and those obtained by the phase-shift technique shows good agreement for the first fiber of the link, while for the second fiber, a mismatch can be noticed. We can conclude that the single-reference method is good for optical fibers with rather uniform characteristics, but shows some weakness when fibers with rather different characteristics are connected together (i.e., the second fiber in Fig. 9 ).
C. Measurement on an Installed Nonzero Dispersion Fiber Link
A set of measurements has been performed on a NZD fiber link installed between two telephone exchanges at Roma and Pomezia, [R and P, respectively, in Fig. 10(a) ]. Bidirectional OTDR measurements were performed at the same side, because the length of the looped optical cable (about 50 km) was compatible with the instrument dynamic range.
In order to comply with the requirements of recent DWDM systems, NZD fibers should have a residual CD high enough to significantly suppress four-wave mixing, but still sufficiently low to allow transmission of 10 Gb/s per channel bit rate on long distances. These characteristics should be maintained on all the spectral window, where DWDM systems usually work. Therefore, a spatially resolved CD measurements allows to verify the CD values of each fiber composing the link and also the slope of CD versus wavelength. Considering the spatial MFD profiles shown in Fig. 10(a) , it appears that these links are made up by splicing many fibers each about 2 km long. Therefore, the map of CD values along the link is of great interest in the wavelength range of a typical DWDM system. Fig. 10(b) actually shows a remarkable nonuniformity in terms of CD, up to 1 ps/(nm km) for the Roma-Pomezia link, with values of CD significantly low at the beginning of the link just where nonlinear effect are more likely.
D. Measurement on a Metropolitan Dispersion-Shifted Fiber Link
Another interesting link which has been analyzed is a DS fiber section of the metropolitan network of Torino. Unlike the RomaPomezia link, this plant counts up to ten fiber connectors. This example demonstrates the feasibility of the measurement even in presence of many connectors. CD traces with and without nonlinear compensation are shown in Fig. 11 (black line) and (gray line), respectively. Also in this case, good results have been obtained using the nonlinearity correction algorithm.
VII. CONCLUSION
In this paper, the theory of a bidirectional OTDR technique for spatial distribution measurement has been developed and tested, with an original enhanced technique for precise MFD evaluation.
A new setup for a tunable OTDR has been realized and engineered for infield application.
Several experimental results both in laboratory and in the field have been presented. Measurements show a good agreement between the average values obtained with bidirectional OTDR measurements for CD distribution and the ones obtained with the conventional phase-shift technique. Moreover, our experiments have demonstrated a very precise evaluation of the MFD distribution along the tested fibers.
The used setup has a maximum dynamic range of 18 dB, limited by the used OTDR (new commercial OTDRs with larger dynamic range can increase this performance), and the best obtained accuracy is 0.1 ps/nm km.
